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Abstract 
This paper describes micro electrochemical machining (ECM) using the electrostatic induction feeding method. In ECM, gap 
distance can be decreased to several micro meters by using pulse durations shorter than several tens of nano seconds. With the 
electrostatic induction feeding method which has been developed by the authors, since the pulse power supply is coupled to the tool 
electrode by capacitance, the current pulse duration is nearly equal to the rise time and fall time of the pulse voltage regardless of 
the pulse-on time of the pulse voltage. Thus ultra-short current pulses can easily be obtained without a need to use an expensive 
ultra-short pulse generator. Machining results of micro-hole drilling with current pulse duration of several ns showed that 
significantly small side gap of 1μm could be obtained. 
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1. Introduction 
Electrochemical machining (ECM) has advantages 
that there is no bur, no crack or no heat affect zone 
generated on the machined surface. In conventional 
ECM, however, the machining accuracy is not good 
because the dissolution occurs even where the gap width 
is large. One of the reasons for this problem is that 
progress of dissolution at the frontal gap width is 
prevented by dissolution products and gas bubbles 
generated in the gap by electrochemical reaction, 
resulting in increased current density at the side gap 
where dissolution should be blocked. Pulse ECM is one 
of the effective methods to solve this problem for 
improvement of the machining accuracy [1]. With the 
use of  pulse duration shorter than several tens of ms, 
since electrochemical products in the gap can be flushed 
away from the gap during the pulse interval, dissolution 
of the workpiece can be localized in the frontal gap 
where the gap width is small. Moreover, in recent years, 
the machining accuracy of ECM was improved further 
by using ultra-short voltage pulse ranging from several 
ns to several tens of ns, achieving machining precision 
of micro meter order [2]. The principle of this technique 
to concentrate the dissolution to the frontal gap is based 
on the electric double layer formed on the electrodes. In 
electrochemical reaction, dissolution does not occur in 
the gap until the electric double layers are fully 
developed on the electrode surfaces. With large gap 
width, since the resistance of electrolyte between the 
tool electrode and the workpiece is large, the current 
density is low. Therefore, after the voltage is applied to 
the gap, it takes a longer time to form the electric double 
layer compared with the place where the gap width is 
smaller. Hence, by turning off the voltage pulse before 
the double layer in the large gap is fully developed, 
dissolution can only occur where the gap width is 
smaller.  
On the other hand, the authors have developed new 
pulse generator for micro electrical discharge machining 
(EDM) named the electrostatic induction feeding method 
[3] shown in Figure 1 to decrease the minimum 
discharge energy in micro EDM. With this method, short 
pulse duration ranging from several ns to several tens of 
ns can easily be obtained. If this method is applied to 
micro ECM, use of an expensive ultra-short pulse 
generator may not be necessary. Thus, in this study, 
machining characteristics of ultra-short pulse ECM using 
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the electrostatic induction feeding method were 
investigated. 
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Fig. 1. Electrostatic Induction feeding method 
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Fig. 2. Equivalent circuit of electrostatic induction feeding method 
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Fig. 3. Waveforms of pulse voltage, current, and voltage of double 
layer 
2. Principle of Electrostatic Induction Feeding ECM 
With the electrostatic induction feeding method, a 
pulse power supply is coupled to the tool electrode by 
feeding capacitance C1 as shown in Figure 1. Figure 2 
shows the equivalent circuit of micro ECM using the 
electrostatic induction feeding method. In 
electrochemical reaction, the equivalent circuit of the 
machining gap can be expressed using the capacitance 
and resistance [4]. In Figure 2, Cdl is capacitance of 
electric double layer formed on the electrode. Rf is a 
Faraday impedance, and Rg is resistance of electrolyte in 
the machining gap. Figure 3 shows the waveforms of 
current through the machining gap and voltage of double 
layer when the pulse voltage is applied. With this 
method, since the pulse power supply is coupled to the 
tool electrode by the feeding capacitance C1, current 
only flows at the instance when the pulse voltage 
changes to high or low. Hence, the current pulse 
duration is nearly equal to the rise time and fall time 
regardless of the pulse-on time of the pulse voltage. In 
the transient period when the pulse voltage changes to 
high, current flows with a polarity of positive. On the 
other hand, when the pulse voltage changes to low, the 
current flows with the opposite polarity. Hence, bipolar 
current flows during machining. This may result in 
dissolution of the tool electrode when the polarity of the 
tool electrode is positive. With this method, the electric 
charge q per each pulse is the same for both polarities, 
and can be expressed using the amplitude of pulse 
voltage E and feeding capacitance C1 as q=C1E. 
3. Influence of Pulse Duration on Machining 
Accuracy 
The influence of current pulse duration on the 
machining gap was experimentally investigated. 
3.1. Experimental method 
Micro-holes were drilled using the electrostatic 
induction feeding method in order to investigate the 
influence of current pulse duration on the machining 
gap. In this experiment, the micro EDM machine 
(Panasonic, MG-ED72W) was exploited. A tungsten rod 
about 50μm in diameter was fabricated by wire electro 
discharge grinding method [5] and used as the tool 
electrode. The workpiece was a stainless steel (SUS304) 
plate. With this method, because the bipolar current is 
flowing through the gap, it is considered that the tool 
electrode is dissolved with the polarity of positive tool 
electrode. On the other hand, in a sodium chloride 
aqueous solution, it is known that tungsten is hardly 
dissolved but oxide layer is generated on the tungsten 
with anode polarity [6]. Therefore, in this study, a 
sodium chloride aqueous solution was used as the 
electrolyte to decrease the wear of the tungsten tool 
electrode. In micro ECM, electrolyte with low 
concentration compared to normal ECM is more useful 
to decrease the gap width [2, 7]. Hence, the sodium 
chloride aqueous solution with low concentration of 
2wt% was selected. During machining, the electrolyte 
was supplied from a nozzle with the inner diameter of 
200μm to the machining gap at the flow rate of 
10ml/min. In order to obtain the pulse voltage of the 
electrostatic induction feeding method, the output of a 
function generator (Agilent, 33250A) was amplified by a 
bipolar amplifier (NF Corporation, HSA4101). The 
machining conditions are shown in Table 1. In order to 
investigate the influence of pulse duration of the 
machining current, the rise time and fall time were 
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changed with 20ns, 40ns, and 60ns by changing the 
output of the function generator. The tool electrode was 
opposed to the workpiece at a fixed gap width of 3μm. 
Then, the Z-axis was fed at a constant speed of 0.1μm/s 
to the depth of 10μm from the surface of the workpiece 
regardless of the rise time and fall time. Hence, for every 
machining condition, the machining time was equal to 
130 seconds. According to the rise and fall time, the total 
amplitude of pulse voltage E was changed with 8V, 20V, 
and 40V, respectively to obtain the same peak current 
under each condition. In order to investigate the 
influence of current pulse duration on the machining 
gap, it is necessary to equalize the total electric charge 
which flow through the gap during the machining. The 
total electric charge Q can be expressed as Q = q f t = C1 
E f t. Here, q is the electric charge which flow during the 
one pulse with each polarity, f is frequency of pulse 
voltage, and t is total machining time. C1 is feeding 
capacitance, and E is the total amplitude of pulse 
voltage. In this experiment, C1 and t is same with each 
pulse condition. Then, according to the total amplitude 
of pulse voltage, the frequency of pulse voltage f was 
changed with 1250kHz, 500kHz, and 250kHz to 
equalize the electric charge Q flowing through the gap 
by the end of machining.  
Table 1. Machining conditions 
Pulse voltage  Rise and fall time (ns) 20  40  60  
Total amplitude (V)  8  20  40  
Frequency (Hz)  1250k  500k  250k  
Feeding capacitance C1 (pF)  47  
Electrolyte  NaCl aq. 2wt% 
Toll electrode rotation (rpm) 3000  
Feed speed (μm/s) 0.1 
 
3.2. Experimental results 
Figure 4 shows measured waveforms of pulse 
voltage, current, and gap voltage under the rise and fall 
time of 40ns. With this method, because the pulse power 
supply was coupled to the tool electrode by the feeding 
capacitance C1, current was flowing only when the pulse 
voltage was changed. Figure 5 shows the waveforms 
under each pulse condition at a moment when the pulse 
voltage changed to low. In this figure, the current was 
flowing with a polarity of positive workpiece. Under 
each pulse condition, nearly the same current pulse 
duration as each fall time could be obtained.  Figure 6 
shows the machined micro-hole with the rise and fall 
time of 40ns. Figure 7 shows the cross-sectional shape of 
machined micro-hole observed using laser confocal  
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Fig. 4. Measured waveforms of pulse voltage, current and gap voltage 
(rise and fall time: 40ns) 
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(c) Fall time: 60ns 
Fig. 5. Waveforms of pulse voltage, current and gap voltage with 
various fall time 
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microscope under each pulse condition. Even though the 
total of electric charges through the gap during 
machining was same under each condition, the gap 
width and the removal volume was decreasing with 
decreasing the pulse duration. This is because with 
shorter pulse duration, dissolution of workpiece could be 
localized to the place where the gap width is smaller. In 
the case of 20ns rise and fall time, the hole diameter at 
the inlet was about 52μm. Considering that the diameter 
of tool electrode was 48.5μm, the gap width of smaller 
than 2μm could be obtained. Figure 8 shows the tool 
electrode before and after machining. The wear of tool 
electrode was hardly observed. This is probably because 
in the sodium chloride aqueous solution, the tungsten 
tool electrode was not dissolved but oxidation of 
tungsten surface and oxygen generation occurred with a 
positive polarity of tool electrode. 
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Fig. 6. Machined micro-hole (rise and fall time: 40ns) 
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Fig. 7. Cross-sectional shapes of machined micro-holes 
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Fig. 8. Tool electrode (rise and fall time: 40ns)
 
 
4. Further Decrease of Pulse Duration 
In the previous section, a bipolar amplifier was used 
as the pulse power supply.  However, it was difficult to 
obtain the rise time and fall time of pulse voltage smaller 
than 20 ns due to its low frequency response. In order to 
obtain shorter pulse duration, a new pulse power supply 
was developed.  
4.1. Pulse generator using MOSFET 
Figure 9 shows the schematic diagram of the new 
pulse power supply. A MOSFET  Metal-Oxide-
Semiconductor Field-Effect Transistor) is switched on or 
off by the output voltage of function generator (Agilent, 
33250A) to obtain the pulse voltage. By using the 
MOSFET which has short switching time, rise time or 
fall time can easily be decreased to several ns. In this 
study, the MOSFET of 2SK3669 was used. When the 
MOSFET is turning on, the current with short pulse 
duration and large peak is flowing with a polarity of 
positive workpiece thorough the MOSFET due to the 
low on-resistance of the MOSFET. On the other hand, 
when the MOSFET is turning off, the current is flowing 
thorough the large resistance of 110Ω. Thus the current 
with longer pulse duration and smaller peak is flowing 
with a polarity of negative workpiece.  
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Fig. 9. Pulse power supply using MOSFET
  
Table 2. Machining conditions 
Pulse voltage  Total amplitude (V)  15  
Frequency (Hz)  2M 
Duty factor (%)  50 
Feeding capacitance C1 (pF)  47  
Electrolyte  NaCl aq. 2wt% 
Toll electrode rotation (rpm) 3000  
4.2. Micro-hole drilling 
Using the new pulse power supply, micro-hole 
drilling was carried out. A tungsten rod 29μm in 
diameter fabricated by WEDG method was used as the 
tool electrode. The workpiece was a stainless steel 
(SUS304) plate. First the tool electrode was opposed to 
the workpiece at a gap width of 3μm. Then, the tool 
electrode was fed by manual operation to the depth of 
10μm from the surface of the workpiece. The machining 
conditions are shown in Table 2.  
394   T. Koyano and M. Kunieda /  Procedia CIRP  6 ( 2013 )  390 – 394 
 
 
0V
0V
0A
Pulse voltage
Gap voltage
Current
5V
20mA
15V
200ns
 
(a) Overall view 
0V
0V
0A
Pulse voltage
Gap voltage
Current
8V
35mA
5ns
15V
6ns
 
(b) Enlarged view 
Fig. 10. Waveforms of pulse voltage, current and gap voltage using  
pulse power supply newly developed 
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(a) Machined micro-hole 
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(b) Cross-sectional shape 
Fig. 11. Micro-hole machined using pulse power supply newly 
developed
 
 
 
 
 
 
Figure 10 shows the waveforms obtained using the 
developed pulse power supply. In Figure 10, when the 
pulse voltage became low, the current was flowing with 
the polarity of positive workpiece. As shown in Figure 
10 (b), the pulse voltage of 5ns fall time could be 
obtained. As a result, a current of 6ns in duration and 
35mA in peak was obtained. With this method, since the 
current pulse duration is nearly equal to the rise time and 
fall time of the pulse voltage regardless of the pulse-on 
time of the pulse voltage, ultra-short current pulses can 
easily be obtained without a need to use an expensive 
pulse generator. Figure 11 shows the machined micro-
hole. The diameter of machined micro-hole was about 
31μm. Since the diameter of tool electrode was 29μm, 
significantly small side gap of 1μm could be obtained.  
 
5. Conclusions 
In this study, micro ECM using the electrostatic 
induction feeding method was conducted. With the 
electrostatic induction feeding method, since the current 
pulse duration is nearly equal to the rise time and fall 
time of the pulse voltage regardless of the pulse-on time 
of the pulse voltage, ultra-short current pulses can easily 
be obtained without a need to use an expensive pulse 
generator. Machining results of micro-hole drilling show 
that the machining gap could be decreased by decreasing 
the pulse duration. Moreover, in order to obtain shorter 
pulse duration, pulse power supply was newly 
developed. Using this pulse power supply, current pulse 
duration of 6ns could be obtained. As a result, 
significantly small side gap of 1μm could be obtained. 
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